Abstract High titer antibodies to type 1 interferons have been recently reported as being highly specific for patients with autoimmune polyglandular syndrome type 1 (APS1) in Finnish and Norwegian patients with mutations in the AIRE gene. Those studies employed a complex neutralization assay to define the type 1 interferon autoantibodies. Here we have established a competitive europium time resolved fluorescence assay for IFN-α autoantibodies and measured sera from subjects with APS1, first degree relatives of APS1 patients, patients with Addison's disease or Type 1 diabetes. The europium-based immunoassay utilizes plate bound human IFN-α incubated with sera with or without competition with fluid phase IFN-α, followed by anti-IgG biotinylated antibody and detection with streptavidin-europium. The index of IFN-α Ab was calculated as (CPS (Counts per second) without competition − CPS with competition) / (CPS positive standard sera without competition − CPS positive standard sera with competition). Results are reported for raw CPS and indices and are compared across the different subjects. Results: For normal controls (n = 100) CPS without competition were 31,237 ± 17,328 CPS while after subtracting the competition value, the results were −6563 ± 10,303 CPS. The initial APS1 patient (used to create the index as 1.0) gave 394,063 CPS without competition and a delta of 363,662 ± 31,587 CPS with competition. Scatchard plot analysis of this patient sample revealed a high avidity for IFN-α (K d of 0.5 nM). The CPS, delta, and index for 6/7 APS1 patients were strongly positive and 3 standard deviations or more above that of the normal controls. cut-off of 2 standard deviations above normal controls, relatives of APS1 patients were negative for type I interferon autoantibodies as were 71 patients with Addison's disease (non-APS1) and 141 Type 1 diabetes patients. This simple high throughput competitive europium time resolved fluorescence assay had a sensitivity of ≥ 86% or greater and a specificity of N 99.5%.
Introduction
Autoimmune polyglandular syndrome type 1 (APS1) also known as APECED (Autoimmune polyendocrinopathy Mucocutaneous Candidiasis Ectodermal Dystrophy) is an autosomal recessive disorder characterized by chronic mucocutaneous candidiasis, autoimmune hypoparathyroidism (hypoparathyroidism), primary adrenal insufficiency (Addison's disease), and a variety of other organ-specific autoimmune features that are variable between patients [1] . The defective gene in this disorder was identified in a positional cloning effort and is termed AIRE (for AutoImmune REgulator) [2, 3] . A major mechanism by which AIRE appears to prevent autoimmunity is through promoting thymic expression of self-antigens which helps promote the deletion of autoreactive T cells that develop in the thymus [4] [5] [6] . Besides helping with understanding the mechanism of the autoimmunity in APS1 patients, the identification of the AIRE gene has also afforded the opportunity to use genetic testing on these patients and their relatives. Because the APS1 syndrome arises from a loss of function in the AIRE gene, mutations can be scattered throughout the entire gene and over 40 mutations in the gene have been described in APS1 subjects [7] [8] [9] . Therefore, identification of the causative mutation in an individual patient may require the labor intensive process of sequencing the entire gene.
Recently, Meager et al. [10] found high titer neutralizing IgG autoantibodies reactive to most IFN-α subtypes in 76 Scandanavian APS1 patients with high specificity for those patients with known AIRE mutations. This raised the possibility that the assay could be used to screen for APS1, however, the sensitivity and specificity of the autoantibodies are unknown in APS1 patient collections outside of Scandanavia [10, 11] . Therefore, we have established an independent and relatively simple assay for INF-α autoantibodies, using a time-resolved immunofluorometric assay (IFMA) approach. Here we report that our independent assay for INF-α autoantibodies is robust and shows high specificity and sensitivity for APS1 in a non-Scandanavian collection of APS1 patients, thus supporting the utility of the assay in this clinical syndrome.
Methods Patients
We studied seven subjects who met clinical criteria for APS1 as defined by the presence of at least two of the clinical triad of chronic mucocutaneous candidiasis, Addison's disease, and hypoparathyroidism and/or a defined mutation(s) in the AIRE gene. The patients had serum collected at ages 2 to 32 and had a mean age of 14.9 years. Three of them were from Italy and were homozygous for the R275× mutation. Two were homozygous for the 1094-1106del mutation in Exon 8 and were from the United States. One patient was from Iran and was homozygous for the Y85C (A374G) mutation. One APS1 patient, also from the United States, was presumed APS1 based on clinical history (candidiasis and suffering hypoparathyroidism from infancy); however, we have not identified a mutation in the AIRE gene in this patient (data not shown). Six non-APS1 patients including relatives of APS1 subjects and patients with immunodeficiency were also studied.
Seventy-one Addison's disease patients with or without diabetes and 141 patients with Type 1 diabetes at diagnosis were also screened for IFNα Ab's. The diagnosis of Addison's disease was made on clinical grounds, by typical symptoms of adrenal insufficiency such as fatigue, weight loss and salt craving with laboratory confirmation of adrenal insufficiency. Addison's disease patients were tested and were identified 21-hydroxylase and/or adrenal cortex autoantibodies (21OHAb and ACA, respectively) positive. Type 1 diabetes mellitus patients had symptoms of diabetes plus casual plasma glucose concentration more than 200 mg/dl or their FPG ≥ 126 mg/dl or 2 h postload glucose ≥ 200 mg/dl; and were anti-islet autoantibody positive (antibody against insulin, GAD65 or tyrosine phosphatases IA-2 or IA-2β). One hundred normal controls who were negative for antibodies to insulin, GAD65, IA-2, 21-hydroxylase and the celiac disease autoantibody, tissue transglutaminase (age 9.8 years to 49.7 years old) were also tested. All research patients and normal controls gave informed consent in conjunction with an institutional review board approved protocol at the University of California-San Francisco or the University of Colorado.
Competitive europium interferon alpha antibody assay (CE-IFN-α Ab) Fig. 1 illustrates the general scheme of the competitive europium-IFN-α assay. Corning high-binding clear 96-well plates (costar 3590) were coated with 100 μl of human IFN-α protein (ABcam: ab9661) in PBS buffer overnight at 4°at a working concentration of 2 μg/ml. The next day, the plate was washed 3 times with washing buffer and then blocked with 3% HSA (human serum album, Sigma A-1653) for 2 h at room temperature on a plate shaker. Each sample was run both with and without competition and performed in duplicate. For the non-competitive assay, serum samples (5 μl) were diluted with 45 μl of assay buffer. For the competition assay, 5 μl of serum was diluted with 45 μl assay buffer which contained IFN-α protein at a final concentration of 8 μg/ml. The samples were incubated for 1 h at room temperature. They were then transferred to the prepared plates and incubated for 2 h on a shaker at room temperature. Plates were washed and then 100 μl of biotinylated anti-human IgG (BD: 555785) diluted 1:10000 with assay buffer was added to each well and reacted for 30 min. Europium labeled streptavidin (DELFIA: 1244-360, diluted 1:2000 in assay buffer) was then added. After washing with 300 μl washing buffer for 3 times, 200 μl of enhancement solution (DELFIA: 1244-105) was added to plates and incubated for 25 min to achieve complete reaction. Finally, fluorescence was detected with a Wallac fluorimeter (Victor V 1420 Multilabel counter, Turku, Finland). The index of IFN-α antibodies was calculated as: Index = (CPS (Counts per second) sample without competition − CPS sample with competition) / (CPS positive standard sera without competition − CPS positive standard sera with competition). The intra-and inter-assay coefficient of variation was 10.53% (n = 10) and 8.69% (n = 11), respectively.
Statistics
The index is presented as a mean value of the duplicate measurement. The frequency differences between groups were tested by Fisher's exact tests. P values (two sides) less than 0.05 were regarded as significant. The capacity and affinity of IFN-α Ab's were calculated by Scatchard plot analysis with Prism software.
Results
An europium-based immunoassay completely differentiated APS1 patients from non-APS1 patients, Addison's disease and Type 1 diabetes patients
We developed a novel europium-based immunoassay for the detection of IFN-α autoantibodies. In this assay, normal controls had a mean CPS of 31,237 ± 17328 (range: 8806-89,279) and after subtracting the values with competition (delta) the mean CPS of normal controls was −6563 ± 10,303 (range = −43,203-14,523 CPS). The initial patient with APS1 studied (sera used to create an index of 1) gave 394,063 CPS without competition and a delta of 363,662 ± 31,587 CPS with competition (394,063-30,402 = 363,662 CPS). The indexes of normal controls were low: −0.0189 ± 0.0303 (mean ± S.D.). Fig. 2 plots the index with 6/7 APS1 patients strongly positive (index from 0.25 to 1.46). The IFN-α autoantibody negative APS1 patient was presumed as APS1 by clinical symptoms, however, we could not identify a mutation in the AIRE gene in this patient. All non-APS1 patients had a low index similar to normal controls. We also tested 71 non-APS1 Addison's disease patients and 141 Type 1 diabetes patients. Using a cut-off of 2 S.D. above mean for normal controls, none of the Addison's disease patients with or without diabetes, or patients with Type 1 diabetes alone were IFN-α autoantibody positive.
Specificity including all non-APS1 individuals analyzed was greater than 99.5%
To compare the specificity between the competitive assay of IFN-α antibodies and a more classic non-competitive assay, we analyzed the results without competition. The mean + 2 S. D. without competition of 100 normal controls (65,894 CPS) was set as a cutoff value. All positive APS1 patients remained positive but 3 Type 1 diabetes patients were judged as "positive" because their CPS were higher than 65,894 CPS (Fig. 3) . If the cutoff was set as at the 100th percentile of normal controls (93,838 CPS) or mean + 3 S.D. (83,223 CPS) of normal controls, 1/141 type 1 patients or 2/141 type 1 patients were positive, respectively. This result was confirmed by several repeat experiments, however, when the competition assay was simultaneously performed, the index of IFN-α antibodies fell below 2 S.D. above normal, indicating non-specific binding. In order to confirm this non-specificity, these samples were found to have similarly high CPS when IFN-α protein was increased to 64 μg/ml for competition. Therefore, competition improves specificity as would be expected for this assay where subsets of human sera can bind non-specifically to the plate.
IFN-α antibodies have high affinity and low capacity in APS1 serum
To analyze the affinity and capacity of the autoantibodies, we tested serial concentrations of IFN-α protein in a competition format using the initial patient. Scatchard plot analysis revealed IFN-α antibodies from an individual APS1 patient had a K d of 0.5 nM and a capacity of 105 nM (Fig. 4) . Other positive samples showed similar capacities and affinities (data not shown).
Discussion
Our results have confirmed the high prevalence of autoantibodies to IFN-α in patients with clinically defined APS1. In addition, we have developed an assay that is relatively Anti-IFN α autoantibodies showed significant specificity in APS1 patients. Serum was diluted in 1:10 and measured by europium-based fluorescence. Each point presents the mean index of the duplicated well for that individual sample. The bar indicates the mean value for each cohort. APS1, n = 7; non-APS1, n = 6; normal controls, n = 100; Addison's Disease, n = 71; Type 1 diabetes, n = 141.
simple to employ and could be implemented by many independent laboratories. Our data support that this assay has high specificity (greater than 99%) and is in agreement with that of previous studies in that the antibodies to type 1 interferon are prevalent in the APS1 patients [10, 11] .
Our specific immunofluorometric assay (IFMA) has several potential advantages that are worth discussing when compared to the other assays used to detect type 1 interferon autoantibodies in APS1 (Table 1) . First, is the relative ease and simplicity of the europium based immunoassay. The previous studies that have looked for type 1 interferon autoantibodies in APS1 patients utilized both an ELISA-based assay and a separate neutralizing assay that requires a cell culture system to employ [10, 11] . In these studies, the neutralization assays showed better sensitivity and specificity than the standard ELISA without competition; however, the neutralization assay is more labor intensive because of the need for cell culture and viral infection to measure neutralization. In addition, the ELISA assay that was utilized in these studies (which involved an alkaline phosphatase-dependent optical density readout) was not completely specific or sensitive for APS1 patients. In a study by Wolff and colleagues, an ELISA assay for IFN-ω autoantibodies was positive in 17/19 APS1 patients and for IFN-α2 autoantibodies was positive in 23/29 APS1 patients [11] .
In our competitive based ELISA, 6/6 APS1 patients with confirmed AIRE mutations were positive for autoantibodies to IFN-α (IFNα1). A second important feature of our assay is its high specificity. In a study by Meager et al. [12] , the ELISAbased assay for IFN-α was positive in 1/70 normal control subjects (1.4%), while in our study 0/100 normal control subjects were positive. Finally, we found that competition in our assay could be added to achieve N 99% specificity. Using competition we did not detect a positive signal in any of the 100 normal controls, 71 Addison's disease, or 141 Type 1 diabetes samples. The possible improved sensitivity and specificity of our assay is likely to be due to the europiumbased fluorescence assay (or IFMA) that we used in this study to detect antibody binding. Previous studies have shown that this technique can enhance both specificity and sensitivity when compared head to head with other detection methods like that in ELISA's or radioimmunoassays [13, 14] . This is due to a variety of factors and includes the large Stokes' shift and long decay time of fluorescence that is associated with lanthanide chelates like europium and the effective labeling of detection reagents with europium. Further study using head to head comparisons, however, will be needed to determine the exact efficacy of our assay when compared to the previous published assays for type 1 interferon antibodies in APS1 subjects. A final point to comment on is the nature of the antigen that we used in our immunoassay. There are over 12 different subtypes of IFN-α and in our assay we utilized a recombinant form of IFN-α1. The previous published studies with APS1 subjects tested for IFN-α subtype 2 on ELISA and IFN-α subtypes 2, 4, 5, 6, 7, 8, 10, 14, 16, and 17 in neutralization assays [10, 11] . Thus, our assay results could again differ due to the slightly different nature of the antigens used in the assays. Taken together, given the relative ease of use of our assay and its high specificity for APS1 subjects, it may have certain advantages over the other published assays for type 1 interferon autoantibodies. Given the high specificity of the assay in several independent studies, anti-IFN-α antibody testing should aid in the confirmation of the diagnosis of APS1. The diagnosis of APS1 requires a high-index of clinical suspicion and long-term follow-up, as components of the disorder develop over time in the affected individual [1] . Therefore, in order to make the diagnosis of APS1 at any point in time, the clinician must be aware of the many manifestations of the disorder. Subjects who meet the clinical criteria for the disorder can have mutational analysis of the AIRE gene performed, however, this is labor intensive as there are many potential mutations in a given patient or family and exhaustive sequencing of the entire gene may be required. The use of an assay to detect antibodies to IFN-α may provide a quick and reliable way to screen for APS1 in subjects with autoimmunity. In a similar study on a large collection of Scandinavian APS1 patients, it was determined that antitype 1 interferon antibodies likely develop at an early age and persist for an extended period of time [10] . In agreement with these findings, we found evidence of these antibodies being present in a 2-year-old with APS1 and also in a 32-yearold adult who had the syndrome for over 20 years with a diagnosis at age 12. To date, the presence of IFN-α antibodies has not been reported on North American, Iranian, or Italian APS1 patients and here we also demonstrate the presence of these antibodies in samples from these APS1 patient populations. None of our subjects with Addison's Disease or Type 1 diabetes in the absence of APS1 were positive for this autoantibody, indicating that even in subjects with "related" autoimmunity these antibodies are negative. Taken together, our results suggest that the IFN-α antibody assay is useful for helping confirm the diagnosis of APS1.
Interestingly, one of our APS1 patients did not test positive for IFN-α antibodies. This patient had chronic mucocutaneous candidiasis and hypoparathyroidism diagnosed in infancy and thus meets clinical criteria for APS1. However, we were also unable to identify a mutation in this patient's AIRE gene on either allele after exhaustive sequencing of all coding exons and 2000 bp upstream of the first exon (data not shown). Thus, it is currently unclear to us if this patient has APS1 or a distinct disorder from APS1 that has overlapping clinical features.
What do these autoantibodies tell us about the underlying pathophysiology of APS1? The AIRE gene has been shown to be important in driving the "ectopic" expression of selfantigens within the thymus [4, 6] . Many self-antigens, such as insulin, whose expression is restricted to limited tissues (like the pancreatic islets in the case of insulin), have also been demonstrated to be expressed in the thymus and this expression is likely important for the development of central tolerance to self [15] [16] [17] . The presence of antibodies to IFN-α in almost all patients so far reported with APS1, despite the extreme variability of their clinical phenotype suggests that for some reason the lack of interferon autoantibodies is critically dependent on AIRE. Interestingly, to date, the only other clinical syndrome associated with these autoantibodies appears to be patients with thymoma and myasthenia gravis [10, 12, 18, 19] . Perhaps it is possible that these antibodies emerge as a failure of selection against T cells with specificity for type 1 interferons given the clear link to the thymus in the two clinical syndromes (APS1 and thymoma/ myasthenia gravis). Given the broad expression pattern of type 1 interferons in many cell popluations, however, it is unclear why thymic expression would be necessary to induce tolerance to them. The clinical contribution to the APS1 syndrome by these autoantibodies is also unclear. One interesting possibility is the potential link of these autoantibodies to the propensity to develop susceptibility to candida infections in these patients as suggested by Meager et al. [10] . Clearly additional work is needed to unravel how these interesting antibodies arise and also to determine what, if any, contribution they have to the pathophysiology of APS1.
In conclusion, we have developed a novel and highly sensitive and specific assay for IFN-α antibodies that employs a competitive step to improve the test accuracy. This assay is admirably suited to clinically screen patients for APS1 and an evaluation of large series of patients with APS1 from multiple nations still needs to be performed to refine the sensitivity and specificity of the test. Not only does our data in conjunction with recent studies show that measurement of autoantibodies to type 1 interferons can be useful in confirming the diagnosis of APS1, a rare disorder, but in a much broader content, our data shows the potential for the broad application of such competitive assays in clinical medicine.
